An estrogen receptor (ER) β ligand (LY3201) with a preference for ERβ over ERα was administered in s.c. pellets releasing 0.04 mg/d. The brains of these mice were examined 3 d after treatment had begun. Although estradiol-17β is known to increase spine density and glutaminergic signaling, as measured by Golgi staining, a clear reduction in spines was evident on the dendritic branches in LY3201-treated mice but no morphological alteration and no difference in the number of dendritic spines on dendritic stems were observed. In the LY3201-treatment group, there was higher expression of glutamic acid decarboxylase (GAD) in layer V of cortex and in the CA1 of hippocampus, more GAD + terminals surrounding the pyramidal neurons and less glutamate receptor (NMDAR) on the neurons in layer V. There were no alterations in expression of Iba1 or in Olig2 or CNPase. However, GFAP + astrocytes were increased in the LY3201-treatment group. There were also more projections characteristic of activated astrocytes and increased expression of glutamine synthetase (GS). No expression of ERβ was detectable in the nuclei of astrocytes. Clearly, LY3201 caused a shift in the balance between excitatory and inhibitory neurotransmission in favor of inhibition. This shift was due in part to increased synthesis of GABA and increased removal of glutamate from the synaptic cleft by astrocytes. The data reveal that treatment with a selective ERβ agonist results in changes opposite to those reported in estradiol-17β-treated mice and suggests that ERα and ERβ play opposing roles in the brain.
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neurotransmitter | glutamate toxicity | cerebral cortex | hippocampus O f the two estrogen receptors (ERs), ERα appears to be the major player in regulating the reproductive system, whereas both receptors ERα and ERβ are involved in regulation of mood and affective disorders (1, 2) . Several studies show that ERα activation is anxiogenic (3) (4) (5) , whereas ERβ activation is anxiolytic and controls expression of fear and anxiety-like behaviors (6) (7) (8) (9) . Not surprisingly, estradiol (E2), which binds equally well to ERα and ERβ, has unpredictable effects on abnormal psychiatric behaviors, depending on dose, treatment regimens, or animal models (10) (11) (12) (13) . In hippocampal cultures both exogenous (E2) treatment and locally synthesized E2 up-regulate ERα and down-regulate ERβ expression (14) . Thus, E2 has unpredictable effects on the balance between anxiogenic and anxiolytic effects, in part because E2 has opposite effects on ERα and ERβ (15) . Using subtype-selective ligands, we can begin to study the outcome of selective activation or inhibition of a particular receptor subtype involved in different behaviors.
Spines and the synapses located on neurons are the sites at which neuronal communication occurs and are essential for complex behavioral phenomena and cognition. In the mature CNS, alterations in synapse structure and function continue to be a dynamic process that is of fundamental importance to learning and memory as well as other adaptive abilities of the brain. Studies in humans and animals have demonstrated that depression and stress are associated with neuronal atrophy and dendritic reorganization in the hippocampus and prefrontal cortex (16) (17) (18) (19) (20) . In 1990, Gould et al. first reported an increase in spine density on CA1 pyramidal cells in adult ovariectomized rats receiving exogenous E2 (21) . This effect of E2 on pyramidal cell spine density was later confirmed by studies from several other laboratories in both rats and monkeys (22) (23) (24) (25) (26) . However, the effects of E2 are complex and identifying which estrogen receptor is responsible for mediating these effects is an active area of research.
Astrocytes may help to mediate the neuroprotective effect of E2 by production of growth factors, secretion of cytokines, and most importantly, by their efficient uptake and metabolism of the excitatory neurotransmitter glutamate (27) . Recent studies have shown that astrocytes have important physiological roles in the synchronization of neuronal firing, ion homeostasis, neurotransmitter uptake, glucose metabolism, and regulation of the vascular tone (28) . Astroglial cells clear extracellular glutamate and subsequently convert the glutamate into glutamine by the enzyme, glutamine synthetase. In addition, E2 and its receptors regulate inflammatory responses in astrocytes and microglia (29) (30) (31) .
In the present study, we have analyzed the alteration of dendritic spines, glutamic acid decarboxylase (GAD)65+67, NMDA receptor, astrocytes and glutamine synthetase in vehicle-and LY3201-treated mice. The ERβ agonist LY3201, (3aS, 4R, 9bR)-2, 2-difluoro-4-(4-hydroxyphenyl)-3, 3a, 4, 9b-tetrahydro-1H-cyclopenta[c]chromen-8-ol (CAS 787621-78-7), was prepared according to methods previously described (32) . After exposure to LY3201, a decrease of spines, NMDA receptors (NMDARs) and increase of GAD65+67, astrocytes, and glutamine synthesis (GS) were observed. With these data we reveal the activity of a selective ERβ ligand in the brain and propose that activation of ERβ favors inhibition over excitation.
Results

Reduction of Dendritic Spines on Cortical and Hippocampal Neurons
After LY3201 Treatment. Dendritic spines were examined by Golgi staining and a comparison was made between vehicle-and LY3201-treatment groups. After 3 d of treatment with LY3201, the number and morphology of the dendritic spines on dendritic stems appear unchanged (red Inset boxes in Fig. 1 A and B) . However, the number of spines on the dendritic branches in LY3201-treated mice is less than in the vehicle-treated group (green Inset boxes in Fig. 1  A and B) . Moreover, the number of spines on neuronal dendrites in the hippocampus CA1 in LY3201-treated mice is less than in the vehicle-treated group ( Fig. 1 C and D) . There was no overall alteration of the morphology of spines and distinct types of spines (mushroom spines, stubby spines, and thin spines) could be seen in This study was partially funded by a grant from Eli Lilly. Some of the authors are employed by Eli Lilly. 1 To whom correspondence should be addressed. E-mail: jgustafsson@uh.edu.
both groups ( Fig. 1 A-D) . When the number of dendritic spines per 10 μm was counted, we found that compared with the vehicletreated group, there were fewer spines on dendritic branches and CA1 neuronal dendrites in the LY3201 group (Fig. 1E ). There was no measurable difference between vehicle-and LY3201-treated groups in the number of spines on dendritic stems (Fig. 1E ).
Increased Expression of the GAD65+67 and Reduced NMDA Receptors on the Excitatory Pyramidal Neurons in Cortex-Layer V After LY3201 Treatment. To evaluate alterations of inhibitory and excitatory neurotransmitters after treatment, we examined the expression of GAD65+67 and NMDA receptors. GAD65+67 is the enzyme responsible for the conversion of glutamic acid to gamma-aminobutyric acid (GABA), the major inhibitory transmitter in brain. After LY3201 treatment, higher expression of the GAD65+67 was observed surrounding the pyramidal neurons in layer V of cortex and CA1 pyramidal neurons in hippocampus than in the vehicle-treated group (Fig. 2 A-F) . NMDARs are glutamate-gated cation channels that are highly permeable to calcium (Ca 2+ ) and are essential for regulation of synaptogenesis, use-dependent synaptic remodeling, and long-term plastic changes in synaptic strength (33) . There was less NMDAR expression on the pyramidal neurons in layer V in the LY3201-treated group than in the vehicle-treated group (Fig. 2 G  and H) . The above results indicate that there are more inhibitory and less excitatory signal inputs to pyramidal neurons. This difference should lead to inhibition of the excitatory pyramidal neurons. Oligodendrocytes. Because there are changes in neurons and neurotransmitters, we investigated whether there were changes in other types of cells in the brain after treatment with LY3201. There are three categories of neuronal-supporting cells; microglia, oligodendrocytes, and astrocytes, which can be identified with specific antibodies. After LY3201 treatment, there were no alterations of Iba1 (microglia marker), or in expression of Olig2 or CNPase (oligodendrocyte markers) (Fig. 3 A-F) . However, the number of GFAP + cells (astrocytes) was increased after LY3201 treatment (Fig. 3 G-K) . In addition to an increase in astrocyte number in the LY3201 group, there were more activated astrocytes as evidenced by more astrocytic projections (Fig. 3 I and J) . Astrocytes play a very important role during extracellular clearance of neurotransmitters. The cause for the increase in the number of activated astrocytes is not known but it could be due to the imbalance between excitatory and inhibitory transmitters.
Astrocytes Are ERβ
− and Glutamine Synthetase + . Previous in vitro studies have reported the expression of ERβ in fetal and neonatal astrocytes (34) . In the present study ERβ could not be detected in astrocytes in the adult mouse brain, but some other nerve cells do express ERβ (Fig. 4 A-D) . Therefore, it appears that activation of astrocytes seen after treatment with the ERβ agonist LY3201, represents an indirect action on astrocytes. Glutamine synthetase, the enzyme that converts glutamate to glutamine, is expressed predominantly in astrocytes. The glutamine synthetase in the present study was colocalized with GFAP and its level was increased with the increase in astrocyte number and activation after LY3201 treatment (Fig. 4 E-L) .
Discussion
The present study demonstrates that a selective ERβ ligand, LY3201, can induce the plasticity of dendritic spines and increase axosomatic inhibitory synapses in the pyramidal neurons of cortex and the CA1 area of hippocampus. In addition, the receptors for the excitatory transmitter, glutamate, are much reduced after LY3201 treatment. Concomitant with the change in the balance between excitatory and inhibitory synaptic transmission, more astrocytes were activated and expression of glutamine synthetase was elevated in these astrocytes. No abnormalities were found in the number of immature or mature oligodendrocytes or in the shape or number of microglia after LY3201 treatment.
Structural plasticity of dendritic spines and synapses is a fundamental mechanism governing neuronal circuits and is thought to be involved in several neurologic diseases such as seizures (35) , schizophrenia (36) , and anxiety (37) . We found a decrease in the number of dendritic spines of pyramidal neurons in layer V of cortex and in the CA1 of hippocampus in male mice treated with LY3201. The role of estrogen and its receptors in changes of dendritic spines is not clear. Srivastava et al. have shown that WAY-200070, an ERβ agonist, increased spine density (38), whereas Szymczak et al. (39) found that estrogen induces spine density but that overexpression of ERβ in hippocampal neurons from embryonic rat brains by means of gene transfection, opposed the induction by estrogen. The discrepancies between the different results from these studies may be due to different treatment methods, models, and duration of treatment.
One question raised by our observation of a reduction in dendritic spines by LY3201 is whether these spines are excitatory or inhibitory. We addressed this question with an investigation of the expression of glutamic acid decarboxylase (GAD65+67). This is the enzyme responsible for the conversion of glutamic acid to GABA, the major inhibitory transmitter in brain. Our data show that GAD65+67 is expressed predominantly around the axosomatic pyramidal neurons and that there is increased expression of GAD65 +67 upon LY3201 treatment. Because GAD is expressed on presynapses that surround the pyramidal neurons, there should be more GABA and thus more inhibition with more inhibitory spines on the pyramidal neurons. Our data further show that glutamate receptors, NMDARs, are much reduced on neurons in layer V of the cortex after ERβ agonist treatment. If there are more inhibitory and fewer excitatory signals received by the pyramidal neurons (which are Fig. 3 . Expression of antibodies for microglia, oligodendrocytes, and astrocytes. (A-F) There are no alterations of Iba1 (microglia marker), Olig2, or CNPase (oligodendrocyte maker). (G and H) However, the expression of GFAP (astrocyte marker) is increased in the LY3201-treatment group compared with the vehicle group. (I and J) Amplified views of boxed areas in G and H. In addition to more astrocytes in the LY3201 group, there are more projections on the astrocytes than in the vehicle group. (K) GFAP + density in vehicle and LY3201 groups (n = 3; *P = 0.016 for LY3201 compared with vehicle group) (Scale bars in A, B, I, and J, 20 μm; in C-F, I, and J, 50 μm; in G and H, 200 μm.) excitatory neurons) there will be less excitatory signal output of these excitatory pyramidal neurons. Thus, upon treatment with LY3201, there is a shift in the balance between excitatory and inhibitory signaling in favor of inhibition. Because there is an overall reduction in the number of spines and yet an increase in the number of inhibitory spines, we can assume that excitatory spines were lost after LY3201 treatment.
Glutamate is the primary excitatory neurotransmitter in the CNS and is synthesized in all CNS cells as a key metabolite in the citric acid cycle. Glutamate is produced in high concentrations in neurons, packed into vesicles, and stored in synapses, from where it can be released into excitatory synapses. This synaptic release is the major extracellular source of glutamate in the normal CNS. In gray matter, astrocytes are major players in glutamate uptake. Upon LY3201 treatment there was a marked increase in the number of GFAP + astrocytes. In addition, from the increase in the number of projections, these astrocytes appeared to be activated. The increase in the number of activated astrocytes would be expected to increase the uptake of glutamate. In astrocytes, glutamine synthetase catalyzes conversion of glutamate to glutamine (40) . Because there is no detectable ERβ in astrocytes, the change in the number of reactive astrocytes seen upon LY3201 treatment is likely not caused by direct action of the ligand on astrocytes. The action appears to be indirect. One possible indirect mechanism may be that astrocyte activation is secondary to the increased extracellular level of glutamate. Lehmann et al. (41) have shown that higher extracellular glutamate can induce an increase in glutamine synthetase expression. In our experiment, because glutamine synthetase is expressed in all astrocytes and there are more astrocytes and more astrocytic projections after treatment with LY3201, glutamine synthetase expression is increased correspondingly and the result is that more glutamate is taken up and converted into glutamine.
In ERβ −/− mice there are morphological abnormalities in the brain, associated with defects in neuronal migration, which indicates that ERβ plays a very important role in the central nervous system and brain diseases (42) . The present results indicate that ERβ also has important functions in the brain through regulation of the plasticity of dendritic spines and synapses. The results raise the possibility that specific ERβ agonists may be a useful approach in the treatment of neurological diseases caused by an imbalance between excitatory and inhibitory transmission.
Materials and Methods
Materials, Animals, and Tissue Preparation. The ERβ agonist LY3201, (3aS,4R,9bR)-2,2-difluoro-4-(4-hydroxyphenyl)-3,3a,4,9b-tetrahydro-1H-cyclopenta[c]chromen-8-ol (CAS 787621-78-7), was prepared according to methods previously described (32) . This study was conducted in accordance with the University of Houston guidelines on the use of laboratory animals. All animals were 6 mo old, male, and wild-type (WT) mice (B6), which were purchased from Taconic. The mice were divided randomly into two groups, a vehicle group and a LY3201 group. LY3201 was used as pellets (0.04 mg/d), which were made by Innovative Research of America and implanted on the lateral side of the neck between the ear and the shoulder. The pellet is made of a matrix fused with an active product. The ingredients are: cholesterol, cellulose, lactose, phosphates, and stearates. After continuous release of the pellet for 3 d, all mice were anesthetized deeply with CO 2 and perfused with PBS followed by 4% paraformaldehyde (in 0.1 M PBS, pH 7.4). All brains were dissected and postfixed in the same fixative overnight at 4°C. After fixation, brains were processed for paraffin (5 μm) sections.
Golgi Staining and Immunohistochemistry. In this study we used Rapid Golgi staining to examine the histology of dendritic spines with light microscopy. The procedure followed the instructions of FD Rapid GolgiStain kit (FD NeuroTechnologies; PK401). Sections were cut on a cryostat (Leica) with a thickness of 100 μm. Paraffin sections were deparaffinized in xylene, rehydrated through graded alcohol, and processed for antigen retrieval by boiling in 10 mM citrate buffer (pH 6.0) for 2-3 min. The sections were incubated in 1% H 2 O 2 in PBS for 15 min at room temperature to quench endogenous peroxidase. To block nonspecific binding, sections were incubated in 3% BSA for 10 min and then a biotin blocking system (Dako) was used to block endogenous biotin. Sections were then incubated with anti-Iba1 (1:100; Abcam), anti-Olig2 (1:500; Millipore), anti-CNPase (1:500; Abcam), anti-GFAP (1:400; Santa Cruz Biotechnology), and anti-GAD65+67(1:500; Abcam) in 1% BSA overnight at room temperature. BSA replaced primary antibodies in negative controls. After washing, sections were incubated with the corresponding secondary antibodies: rabbit on rodent HRP polymer kit (Biocare Medical; RMR622), MM HRP polymer kit (Biocare Medical; MM510), and goat HRP polymer kit (Biocare Medical; GHP516) for 15-20 min at room temperature, followed by the 3, 3′-diaminobenzidine tetrahydrochloride as the chromogen. For immunofluorescence, steps for quenching of endogenous peroxidase and blocking of endogenous biotin were omitted. Sections were incubated overnight with primary antibody anti-GFAP (1:400; Santa Cruz Biotechnology), anti-GAD65+67 (1:500; Abcam), anti-NeuN (1:500; Millipore), and anti-ERβ (1:200; made by our laboratory) at 4°C after blocking nonspecific binding in 3% BSA. Primary antibodies were detected with donkey antigoat Cy3 (1:400; Jackson ImmunoResearch), donkey antirabbit FITC (1:400; Santa Cruz Biotechnology), donkey antichicken FITC (1:400; Jackson ImmunoResearch), and donkey antimouse Cy3 (1:400; Jackson ImmunoResearch). Sections were later counterstained with Vectashield mounting medium containing 4', 6'-diamidino-2-phenylindole (DAPI) (Vector) to label nuclei (43, 44) .
Data Analysis. For dendritic spines, density of cell and GAD + terminals, the software of MicroSuite Basic Edition and Image Pro Plus 6.0 were used, respectively. The number of mice in each experiment was at least three per group. Data are presented as mean ± SD. The statistical significance of differences between LY3201 and vehicle samples was assessed by using Student's t test.
